The evolutions of radially symmetric vortices and idealized easterly waves are compared using three simple convective parameterization schemes. The parameterizations are formulated for a model atmosphere consisting of three coupled, shallow, constant-density layers. The first was developed by Ooyama and later refined by DeMaria and Pickle (the ODP scheme). Their scheme uses horizontal convergence in the boundary layer to define a vertical mass flux, along with a closure relation based on conservation of moist static energy that determines the vertical redistribution of mass. The second scheme is a modification of the ODP scheme in that convection is allowed to stabilize the profile. A third scheme has the convective mass flux from the boundary layer determined by the assumption that convective up-and downdrafts keep the equivalent potential temperature of the boundary layer in near equilibrium (the BLQ scheme).
Introduction
The mechanisms that control convection over the tropical oceans have been under investigation for quite some time. One source of controversy is based on observations showing that convection is usually accompanied by convergence in the boundary layer. However, the causal relation between the two phenomena is uncertain. Understanding the way in which convection is forced is essential to understanding the fundamental dynamics of tropical circulation systems and, in particular, the intensification and maintenance of tropical cyclones.
One school of thought involves horizontal convergence in the boundary layer forcing mass upward. The convergence may be due to frictionally driven, crossisobaric flow. When this occurs in a conditionally unstable atmosphere, parcels may be lifted past the level of free convection. The vertical motions resulting from the positive parcel buoyancy represent an instability commonly referred to as CISK (e.g., Charney and Eliassen 1964) . Another way in which parcels may be lifted from the boundary layer is through convergence associated with inviscid wave motion, as in Lindzen (1974) .
An alternative viewpoint states that convection over the oceans is driven by destabilization of the vertical temperature profile. Emanuel et al. (1994) and Raymond (1995) describe the mechanism through which the boundary layer is destabilized by latent and sensible heat fluxes from the sea surface. The assumption is that convection occurs in an amount and at a location that keeps the equivalent potential temperature ( e ) of the boundary layer constant by transport of cool, dry air with low e from the middle troposphere into the boundary layer. Downdrafts occur as unsaturated air is entrained into the convective cells and becomes negatively buoyant through evaporative cooling. The control of convection in this manner is referred to as boundary layer quasi-equilibrium (BLQ).
An attempt to identify the dominant mechanism controlling convection in the intensification of tropical cyclones was presented by Craig and Gray (1996) . They utilized a model with explicit convection and bulk aerodynamic formulations for surface friction and heat ex-
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change. Craig and Gray's hypothesis was that if lowlevel convergence is the dominant forcing mechanism, then the development should be sensitive to variations in the bulk frictional coefficient, while if WISHE is dominant, then development should be sensitive to the bulk heat exchange coefficient. They found that the intensification rate increases with increasing heat exchange coefficient and is relatively insensitive to changes in the frictional coefficient. In this study, we will examine the effect of each controlling mechanism by developing closure relations in which either horizontal convergence or some form of boundary layer equilibrium determines the mass flux from the boundary layer, in a framework that is otherwise as similar as possible.
The effects of convection, especially in the context of tropical cyclone intensification, may be viewed as twofold. First, latent heat release and/or extraction of latent and sensible heat from the sea surface results in parcels becoming positively buoyant. The positive parcel buoyancy results in vertical motion, which transports mass upward and (once the parcels encounter a stable layer such as the stratosphere) out of the region in which the convection occurs. This upper-level divergence results in a decrease in pressure in the region and subsequent intensification of the circulation. In addition to redistributing mass, convection also heats the atmosphere and modifies the vertical temperature profile. The heating modifies the stability characteristics of the atmosphere, with heating in the middle troposphere stabilizing the profile. The vertical temperature profile may also be destabilized, by increasing the vertical lapse rate through heating the surface or cooling the upper and midlevels.
The scenario described above is somewhat oversimplified, in that the parcel formulation does not account for mixing that may occur between cumulus cells and the environment. The amount of convective available potential energy (CAPE) present is determined in part by the environmental lapse rate and is larger for larger lapse rates. Large environmental lapse rates typically occur if the middle troposphere is dry. However, if a cumulus cell is embedded in a dry environment, mixing of dry air into the cell may cause the air to become unsaturated and the cell to evaporate. This would prevent further latent heat release and suppress the vertical motion associated with positive parcel buoyancy. The effect would be to prevent a net transport of mass away from the vicinity of the convection. If the air being entrained were not sufficiently dry to cause the cell to dissipate, there would be a generation of convective downdrafts, which would reduce the net vertical mass transport. Hence, the net transport of mass out of the column would depend on the ratio of convective downdraft to updraft. However, even in the absence of an intensifying circulation, the convection would act to moisten the atmosphere and hence condition the atmosphere for further deep convection. A two-stage development process for tropical cyclones, involving first shallow and then deep convection, was proposed by Emanuel (1989) and was the basis of the TEXMEX experiment (Rennó et al. 1992) . Bister and Emanuel (1997) , who analyzed data collected during the TEXMEX experiment, provided observational evidence of the conceptual model described above. They considered a detailed analysis of the genesis of Hurricane Guillermo (1991) . In situ measurements of e averaged over a 140-km 2 box centered on the developing storm. They found that e at 3 km above ground level increased from 338 K in the pretropical storm stage to 345 K when Guillermo was a mature hurricane. Raymond et al. (1998) showed similar increases of e for the other systems studied (Enrique and Fefa) and showed that the increases in e were confined to within 200 km of the center of the storm. These results will be used as guidance in formulating the convective schemes in this study.
A simple, yet realistic convective parameterization should allow for destabilization of the atmosphere through diabatic processes and should allow convection to stabilize the profile through heating of the middle atmosphere or cooling of the boundary layer. Furthermore, in spite of the fact that dry atmospheres tend to have large lapse rates and hence large amounts of CAPE, the presence of a sufficiently dry midtroposphere should suppress deep convection to some degree, since convective cells may evaporate. Some threshold for deep convection based on the vertical thermodynamic profile should also be incorporated into the scheme.
The discussion above suggests the form of the closure on the vertical redistribution of mass. However, the issue of how parcels are lifted from the boundary layer must still be addressed and is a focal point of this paper. Smith (1997) described two different types of closures for lifting of parcels from the boundary layer. His closure II assumes that convection is occurring at the subgrid scale, and the collective effect of an ensemble of clouds is parameterized in terms of the resolved-scale variables. The BLQ scheme described by Raymond (1995) and others involves this type of closure. Smith also states that this type of closure may include the presence of resolved-scale convection. This type of convection is due to lifting associated with low-level convergence of the resolved-scale flow and is a defining feature of CISK parameterizations.
An assessment of the relative contributions of subgrid-scale and resolved-scale convection is necessary to clarify the causal relation between convection and the resulting circulation that develops. The primary difference between these mechanisms is the manner in which convection is forced. In the CISK formulation, convection is driven mechanically, and the conditional stability of the atmosphere determines the way in which mass is redistributed in the vertical. In a surface-flux-based scheme, such as BLQ, there is also a closure relation that determines the redistribution of mass in the vertical. However, this type of scheme relies on destabilization of the boundary layer to determine where, when, and in what amount convection occurs; hence, the convection can be viewed as being driven thermodynamically.
It is the goal of the current study to assess the relative contributions of subgrid-scale and resolved-scale convection by examining the evolution of meso-and synoptic-scale circulation systems using a simple dynamic model with parameterized convection. The convection scheme consists of a closure relation that determines the redistribution of mass in the vertical and that contains the important characteristics described above. The convective parameterization will allow air to be forced out of the boundary layer, either mechanically by the horizontal convergence of air in the boundary layer or by destabilization of the boundary layer via surface latent and sensible heat fluxes.
The dynamic model used in this study consists of three coupled shallow layers of constant density. Ooyama (1969) developed a convective parameterization that is appropriate for this type of model atmosphere and that will form the basis of the one used here. In a three-layer model, convection occurs through an exchange of mass between the layers, with the mass source and sink terms being assigned to each layer through a representation of the thermodynamics. In the Ooyama scheme, mass is forced out of the boundary layer by horizontal convergence, since by definition the layers are incompressible. The mass that is forced from the boundary layer is then distributed between the upper two model layers. Mass is entrained from the middle layer, which results in a pressure drop and intensification of the vortex. The amount of air entrained from the middle layer is calculated by assuming that there is no net accumulation of moist static energy by convection in a vertical column and is represented as a multiple of the boundary layer mass flux through an entrainment parameter. Since the entrainment parameter depends on the moist static energy of the layers or, as shown by Ooyama (1969) , the equivalent potential temperature of each layer, it also represents the vertical stability of the model atmosphere. A derivation of the entrainment parameter is given in Ooyama (1969) and outlined in section 3b. Ooyama (1969) showed that a vortex of tropical storm strength could intensify to hurricane strength using the convective scheme described above. DeMaria and Pickle (1988) later incorporated his scheme into a model consisting of three shallow, isentropic layers. Their scheme is formally equivalent to Ooyama's, with the assignment of thermodynamic variables being more straightforward in isentropic coordinates. Due to the formal similarity of these schemes, we will henceforth refer to the formulation as the ODP scheme. Shapiro (1992) and Dengler and Reeder (1997) have used the ODP scheme in studies of baroclinic vortex motion and in other applications. Both DeMaria and Pickle (1988) and Dengler and Reeder showed that a vortex in an atmosphere that is initially conditionally neutral intensifies as surface latent heat flux increases the entrainment parameter, with the increase corresponding to a destabilization of the profile. These experiments showed that intensification in the ODP scheme does not rely solely on conditional instability of the model atmosphere and that some of the intensification in the ODP scheme is associated with latent heat transfer from the sea surface.
The ODP scheme has been demonstrated to produce realistic development of tropical cyclonelike vortices. There are, however, a few features that are not consistent with the desired features of a convective scheme stated earlier. Neither Ooyama (1969) nor DeMaria and Pickle (1988) treat the effect of radiative cooling. Their rationale is that the timescale associated with tropical cyclones is shorter than that associated with radiative-convective equilibrium. They also treat the moisture content of the middle layer as constant in time and calculate an explicit moisture budget only in the boundary layer. This is a reasonable assumption if one considers the transition from a tropical-storm-strength to hurricane-strength vortex, since there is relatively little change in e in the midtroposphere during that transition (DeMaria and Pickle 1988) . However, fixing the midlevel e of the environment allows for only destabilization of the profile by surface fluxes and does not allow latent heating in the middle troposphere to stabilize the profile. Hence, the constant reservoir of CAPE that is viewed as an unrealistic feature of the Charney and Eliassen (1964) scheme is also included in the ODP scheme.
As an alternative to the ODP scheme, we will include a simple radiative parameterization and allow e of the middle layer to vary through convective transports of air from the boundary layer. Since the closures on vertical mass redistribution and mass flux from the boundary layer are as in the ODP scheme, we will refer to this as the modified ODP scheme.
In addition to the ODP and modified ODP schemes, we will present an alternate convective parameterization that uses the same closure relation on the vertical mass redistribution. However here, mass is transported out of the boundary layer according to the assumption of a quasi-equilibrium of boundary layer e , as described by Raymond (1995) and Emanuel (1995) . This will be referred to here as the BLQ scheme. The development of convective schemes that differ only in the way that the mass is forced out of the boundary layer will allow a comparison of the two proposed mechanisms for driving convection, forced convergence, and boundary layer destabilization, in a thermodynamic framework that is otherwise as similar as possible.
The organization of the remainder of this paper is as follows. The second section describes the model atmosphere and governing equations, convective parameterization, and salient aspects of the numerical techniques used in integrating the equations. The third section examines the evolution of radially symmetric vortices. Rather than explore the sensitivity of each of the VOLUME 58 schemes to variations of the environmental parameters and the strength and structure of the initial vortex, we will consider variations of a limited subset of the parameters and emphasize differences between the schemes. The fourth section is devoted to examining the evolution of idealized easterly waves that are not initially radially symmetric. Here again, we will emphasize the difference in evolution between the schemes. The fifth and final section summarizes the important results and describes issues that should be explored further.
Model and convective parameterization a. Governing equations
The model consists of three coupled shallow water layers of constant density topped by a fourth dynamically inactive layer. The equations are written in a Cartesian coordinate system on an f plane, where the x and y axes point toward the north and east, respectively. The equations governing the evolution of momentum and mass in each layer are 3 ‫ץ‬h ‫ץ‬u ‫ץ‬u ‫ץ‬u
where (u i , i ) represents the (x, y) components of velocity in each layer, h i is the height of the ith layer above z ϭ 0, i is the thickness of the ith layer, and the indices decrease for increasing z. The Coriolis parameter is given by f 0 ϭ 2⍀ sin⌽ 0 , where ⌽ 0 is the central latitude of the coordinate system and ⍀ is the earth's angular rotation frequency. The pressure gradient force in each layer is written in terms of the reduced gravity tensor,
Convection in the shallow water equations is represented by the source terms on the right-hand side of Eqs. (2.1)-(2.3), where Q i represents a mass source or sink term and M (x,y)i represents an accompanying momentum source for the ith layer. The parameterization of convection reduces to specifying the mass source for each layer to the model prognostic variables and a representation of the thermodynamics. This will be done by specifying the vertical volume flux per unit area at the interface of the internal model layers, , where
the subscript denotes the layer and the superscript indicates an upward or downward flux. A schematic of the model is given in Fig. 1 . The mass fluxes per unit area are obtained by multiplying the interfacial volume fluxes by the corresponding layer density.
1 The total mass source term for each layer is given by
In addition to transporting mass, the convection also transports momentum. The momentum transports are given by
ama (1969) and DeMaria and Pickle (1988) , contains a fairly complete boundary layer parameterization in the lowest layer and eddy diffusion of momentum between the layers. However, Dengler and Reeder (1997) showed that the inclusion of these terms had little effect on the model simulations, so we adopt a similar simplified form of viscous effects. Viscosity is assumed to be confined to the boundary layer and is specified in terms of a bulk aerodynamic formula:
which is added to the cumulus momentum terms described above. The constant drag coefficient is taken as c d ϭ 1.5 ϫ 10 Ϫ3 .
b. Convective parameterization
This subsection describes specification of the interfacial volume fluxes per unit area that define the mass source terms for each layer, as well as other aspects of the model thermodynamics. The scheme here is based on that of Ooyama (1969) and DeMaria and Pickle (1988) with modifications. These modifications allow for stabilization of the atmosphere through the effects of convection and a choice of the way in which the mass flux from the boundary layer is specified in terms of the model variables.
The model equations given in section 2a are written in terms of three constant density layers. Incompressible layers may also be interpreted as compressible layers with constant potential temperature, (DeMaria and Pickle 1988) . In either case, the governing equations are formally the same, except for some small terms that may be neglected in the isentropic formulation. In the present model, we will consider the layers to be constant density layers and also assign representative values of potential temperature to each layer. The values will be assigned by vertically integrating a representative sounding, and hence they will be dynamically consistent in a continuously stratified atmosphere, and the corresponding averages will also be dynamically consistent.
In the ODP formulation, horizontal convergence in the boundary layer has an associated vertical divergence that is used to specify a volume flux per unit area at the top of layer 3. This areal volume flux is given by
where the choice of sign is based on the sign of the horizontal convergence. The same expression for areal volume flux is used in the modified ODP scheme. Specifying the areal volume flux at the top of the boundary layer for the BLQ scheme is somewhat more complicated. In this case, the mass flux is due to convectively forced updrafts and convective downdrafts, the latter resulting from evaporative cooling of dry air entrained into the cloud. There should also be a component due to large-scale subsidence associated with radiative cooling.
An expression for e of the boundary layer, under the assumption of an exact equilibrium governed only by convection, is given by
where F represents the surface flux of e , given by the bulk aerodynamic formula,
In Eq. (2.9), c e ϭ 0.0015 is a bulk heat exchange coefficient, is the saturation value of e correspond-* ess ing to the sea surface temperature, and
where w e is an effective wind speed that allows for surface fluxes into an unsaturated atmosphere at rest (Miller et al. 1992) . The value of w e is taken as 3 m s Ϫ1 . Following Raymond (1995) , the convective downdraft mass flux is assumed to be proportional to the updraft mass flux,
The parameter ␣ represents the ratio of convective downdraft to updraft and, in principle, depends on details of the environment, as discussed by Raymond (1995) . This parameter should depend on the thermodynamic profile, with large values of ␣ being associated with low relative humidity. There should also be some dependence on the large-scale flow, since vertical wind shear strongly influences the evolution of vertical motions in thunderstorms (e.g., Klemp 1987) . The parameter ␣ is also related to the precipitation efficiency ⑀ p through ␣ ϭ 1 Ϫ ⑀ p , as in Emanuel (1995) . While in general, ␣ would depend on the details of the cloud microphysics and dynamics, we will use a simple relation based on the values of e in the middle and boundary layer of the model. We assume that the primary mechanism for producing convective downdrafts is the entrainment of dry (low e ) air from the midtroposphere with negative buoyancy produced by evaporative cooling. Hence, ␣ should be approximately unity for low values of e2 (i.e., a dry midtroposphere) and decrease toward small values as e2 increases. Using the characteristic values listed in Table 1 as guidance, we define
The values of A and B are chosen so that the profile is VOLUME 58 continuous. This profile is chosen based on the characteristic horizontal difference in e between the core and far field of a hurricane in the midtroposphere (Palmen and Newton 1969). The form of ␣ given by Eq. (2.12) results in the atmosphere being dominated by shallow convection, provided that the middle layer is sufficiently dry initially, with the onset of deep convection occurring after some preconditioning of the vertical e profile by the shallow convection. This partitioning of deep and shallow convection is similar to that used by Emanuel (1989) . The net flux out of the boundary layer is given by
Hence, there is no net transport of mass out of the boundary layer if ␣ ϭ 1. This is consistent with shallow convection.
Equations (2.8) and (2.11) specify the convective updraft mass flux that would produce downdrafts sufficient to keep e of the boundary layer in precise equilibrium. If we assume that the material time derivative of e is zero in Eq. (2.8), then the equilibrium updraft mass flux is given by
Following Emanuel (1995) , we assume that the instability associated with the latent and sensible heat flux from the sea surface is released over a finite time, c ϭ 1 h. The instantaneous mass flux is then determined via
The expressions given in Eqs (2.7) and (2.15) specify the volume flux out of the boundary layer for the ODP or BLQ schemes, respectively.
Specification of the volume flux from the middle layer in both the ODP and BLQ schemes follows Ooyama (1969) and DeMaria and Pickle (1988) . It is assumed that the volume flux from the middle layer is proportional to that from the boundary layer, 2 A reviewer pointed out that other formulations of the BLQ scheme applied to hurricanes assumed that the local, rather than Lagrangian time derivative is set equal to zero. The development of the vortex in the BLQ scheme was insensitive to this. The BLQ run in Fig. 6 had a maximum wind that was 1.2 m s Ϫ1 larger when the local time derivative was set equal to zero.
where the constant of proportionality is determined by assuming that the moist static energy is conserved. Ooyama (1969) showed that, to lowest order, the moist static energy may be replaced by e . Assuming that one unit of air exits the boundary layer and that units of air enter the top layer, conservation of mass requires that ( Ϫ 1) units are removed from the middle layer. The additional assumption that there is no net accumulation of moist static energy in the column, along with the approximate equivalence between moist static energy and e , requires that
Following Ooyama (1969) , we use the saturation value of the equivalent potential temperature in the top layer ( ). This assumption is reasonable even if the * e1 upper layer is unsaturated, since any of the potential temperatures asymptote to the same value at low pressures. An expression for the entrainment parameter, , may be derived from Eq. (2.17) and is
In the convective scheme, e is treated as a prognostic variable, with the evolution being controlled by surface fluxes, vertical redistribution by convection, and radiative cooling. The budgets of e in layers 2 and 3, respectively, are given by ⌫ i for each layer. Since we use the saturation value for e in the top layer, that value is determined using the average pressure for the top layer, given in terms of the mass field specified by Eq. (2.3).
Radiative cooling is represented by a Newtonian cooling, basic state, and rad is a radiative timescale that is taken as 12 h. The cooling rate is calculated for a point at the corner of the domain, and the same rate is applied at each grid point. In this way, the radiative scheme compensates for fluxes associated with the effective wind speed w e , yet allows for a net heating in regions with enhanced surface fluxes. Hence, the basic-state profile of e , used to initialize the model, is the radiative-convective equilibrium state of the model atmosphere. Equations (2.19a, b) are applied to both layers in the BLQ and modified ODP schemes, but only to the boundary layer in the ODP scheme, since in that scheme e is held fixed and the Newtonian cooling is identically zero.
There would be a large-scale subsidence associated with the radiative cooling given by Eq. (2.20). Requiring the total mass of each layer to be conserved incorporates the large-scale subsidence. In the ODP and modified ODP schemes, this conservation is implicit, since Eq. (2.7) results in the thickness of the boundary layer remaining constant. In the BLQ scheme, there is convection associated with the basic state even in an atmosphere at rest. This would result in the eventual collapse of the boundary layer without some form of large-scale subsidence. On the timescales of the model simulations in sections 3 and 4, this subsidence is relatively unimportant, but it is included in order to be consistent with the radiation scheme.
The global conservation of mass of each layer is ensured by integrating the net volume flux at each layer interface, then dividing by the area of model domain. A large-scale subsidence equal to the average value is then applied at each grid point, in order to assure global mass conservation of each layer individually. The convective momentum transports given by Eqs. (2.5) are calculated before the conservation of mass is applied, so there is no momentum transport associated with the large-scale subsidence.
c. Numerical methods and initialization
The model simulations presented in this study were obtained by numerically integrating Eqs. (2.1)-(2.3), on an f -plane channel. The equations are written in divergence form and numerically integrated using the twostep Lax-Wendroff integration scheme described by Kasahara (1966) . The computational domain is centered at 20ЊN, with a periodic zonal extent of 3000 km and rigid meridional walls located at y ϭ 0 and 3000 km. The equations are solved on a rectangular grid with 301 grid points in the zonal and meridional directions. The domain size and grid spacing result in a resolution of ⌬x ϭ ⌬y ϭ 10 km.
Details of the numerical integration scheme for the basic governing equations are given by Zehnder (1991) . In order to damp the spurious growth of features that occur on the scale of the grid spacing, a second-order linear smoothing operator is applied to the prognostic variables at each time step (Shapiro 1975) . The e budget for layers 2 and 3 [Eqs. (2.19a, b) ] and the relaxation to the equilibrium volume flux [Eq. (2.15)] are evaluated using a second-order leapfrog scheme. A 1-2-1 temporal filter with a damping coefficient of 0.01 was applied in order to damp the computational mode. A description of the leapfrog advection scheme and the temporal filter are given in Haltiner and Williams (1980) . Two types of initial disturbance are used to initialize the model. The first is a radially symmetric vortex of the form used by Smith et al. (1990) . The second is an idealized easterly wave that consists of a pair of counterrotating gyres with a relative vorticity distribution given by
where 0 is an amplitude, r 0 is a half-width, is the azimuthal angle, 0 prescribes the angle of orientation in the horizontal plane, and r is the radial distance from the center of the wave. The vorticity distribution for the waves is based on composites presented by Reed et al. (1977) . The composite waves have relative vorticity distributions that consist of a dipole with cyclonic and anticyclonic centers oriented along a northeast to southwest axis.
In both cases, the relative vorticity distribution is used to calculate a streamfunction under the assumption that the flow is nondivergent. The resulting velocity fields are used along with the shallow water balance equation to determine the corresponding height fields for each layer. The initialization scheme is described in detail in Zehnder and Reeder (1997) .
d. Basic-state parameter values
Basic-state parameter values were chosen based on the climatological tropical sounding of Jordan (1958) , assuming mean thicknesses for the boundary, middle, and upper layers to be 1, 5, and 6 km, respectively. Corresponding values of the density for each layer are averages obtained by vertically integrating the Jordan sounding. These density values are given in Table 1 . Assuming a value of pressure at the top of layer 1, which is equivalent to specifying a tropopause pressure of 191 mb, gives a surface pressure for the basic-state atmosphere of 1009.1 mb. Potential temperatures for each layer were also obtained by vertically integrating the Jordan sounding and are also listed in Table 1 .
In order to determine values of the moist thermodynamic variables for each layer, we assume reasonable values of the mixing ratio. Values are assumed because we wish to examine the evolution of circulation with dry and moist middle layers. An equivalent potential temperature, e , is then evaluated using the irreversible pseudoadiabatic formula. The value of pressure used in calculating e and the saturated equivalent potential temperature, , is taken as the average pressure in each * e layer derived from the model height field h i . Using the VOLUME 58
Values of dynamic and thermodynamic variables for the vortex described in the text using the moist middle layer and ODP convective scheme. (a) The tangential wind in layer 3 (thick solid) and layer 2 (thick dashed) along with the radius of maximum wind in layer 3 (thin solid) and layer 2 (thin dashed). (b) The e3 (thin dotted) and e2 (thick dashed) in K along with (thick solid). Fig. 2 but for the dry middle layer and ODP forcing.
FIG. 3. As in
average pressure allows the saturation values, , to * ei vary with time. Also, the layers are assumed to be isentropic, so e serves as a proxy for the moisture content of each layer. In reality, convection both heats and moistens the atmosphere; both increase e . In keeping with the DeMaria and Pickle (1988) interpretation of the layers as isentropic layers, we refer to the action of convection as moistening the layer. Table 1 also includes representative values of mixing ratio , e , and for each layer. The sea surface tem-* e perature was set at 29ЊC, which gives a saturated equivalent sea surface temperature ϭ 369.4. This value * ess is calculated using the surface pressure, so it also varies during the model runs.
Evolution of a radially symmetric vortex a. The ODP scheme
The model was initialized with a radially symmetric vortex having maximum tangential wind of 15 m s Ϫ1 at r ϭ 150 km from the center. The vortex had constant strength in the lowest two layers, and the top layer was at rest. The evolution of this vortex using the standard ODP scheme (i.e., fixed e of the middle layer with dry and moist middle layers) is shown in Figs. 2 and 3 , respectively.
The maximum tangential wind and radius of maximum wind for the lowest two model layers (as a function of time for a simulation with the moist middle layer) are shown in Fig. 2a . We will use the values at a common reference point, the radius of maximum wind, to characterize the kinematic and thermodynamic structure of the symmetric vortex. In all the developing cases, a broad anticyclone formed in the upper layer. However, since the emphasis is on the development of the lowlevel circulation, the upper-level circulation will not be shown.
There is an initial spindown of the vortex in the boundary layer, due to friction. However, once a crossisobaric flow component develops due to the surface friction, convection begins, and the vortex begins to intensify. The vortex in the middle layer does not experience the initial spindown or frictional drag and begins to intensify earlier in the run. Since the depth of the boundary layer remains constant via Eq. (2.7), all the pressure tendency is due to variations in the thickness of the middle layer. Once the pressure gradient in the middle layer becomes large enough to support a gradient wind in the boundary layer that overcomes the frictional drag, the wind speed increases there as well. At 96 h into the simulation, the maximum tangential wind speed in the middle layer is 25 m s Ϫ1 , while that in the boundary layer is 21 m s Ϫ1 . There is also a slight decrease in the radii of maximum wind in both layers, with a decrease to about 120 km by 96 h.
The intensification in the lower layers is accompanied by an increase in the strength of the anticyclone in the upper layer and the absolute vorticity becomes negative. The flow becomes inertially unstable, and the vortex begins to develop asymmetries. The breakdown of the symmetric vortex is reflected in the oscillation of the maximum wind speed, shown after t ϭ 120 h. The evolutions of the thermodynamic parameters for the simulation described above are shown in Fig. 2b . There is an increase in e3 (due to surface fluxes) that increases the entrainment parameter, . This increase results in an increasingly large transfer of mass from the middle layer, and the vortex intensifies. The pressure tendency associated with this mass transfer also causes the boundary layer vortex to intensify. By about 48 h of model time, e3 becomes nearly constant, as does the entrainment parameter. The slow rate of e3 evolution in the last half of the simulation is due to the boundary layer becoming nearly saturated.
The evolutions of the vortex and thermodynamic parameters shown in Fig. 2 are, in essence, what is described by Ooyama (1969) and DeMaria and Pickle (1988) . However, the rate of intensification of the vortex is smaller here. The differences in the intensification rate are due to the choice of layer densities. In Ooyama (1969) the densities of the lowest two layers are taken as equal, and the ratio of the densities between the middle and top is 0.9. Dengler and Reeder (1997) use a similar profile. While the density does not appear explicitly in the formulation of DeMaria and Pickle (1988), the thermodynamic parameter values chosen correspond to the same, weakly stratified atmosphere.
The effect of specifying a basic-state atmosphere with an unrealistically weak density stratification is to maximize the mass flux out of the boundary layer for a given volume flux. This can be seen by examining Eqs. (2.4). A more realistic choice of density profile, as is used here, results in intensification to a vortex of the same strength on a longer timescale (see Fig. 2 of DeMaria and Pickle 1988). However, the time for the transition from a tropical storm strength vortex to one of hurricane strength is unrealistically long with a realistic density profile.
A second example of vortex evolution using the ODP scheme is shown in Figs. 3a ,b. The model was initialized with the vortex described above and with the dry parameters given in Table 1 . Figure 3a again shows the frictional spindown of the vortex in the boundary layer, which occurs until the convection begins. However, the initial value of the entrainment parameter is smaller here than in the simulation using the moist middle layer, due to the lower value of e2 . This results in less mass being entrained from the middle layer than for the moist case, and the vortex fails to intensify. There is still an increase of e3 , due to surface fluxes and eventual near-saturation of the boundary layer, as can be seen in Fig. 3b . However, asymptotes to a lower value than in the simulation with the moist middle layer, and there is no intensification of the vortex in either the middle or boundary layer during the 144-h simulation.
The evolutions of the vortices shown in Figs. 2 and 3 are realistic in a number of respects. In both cases, there is a destabilization of the model atmosphere that occurs through surface fluxes, as has been discussed here and by others (e.g., Smith 1997) . The destabilization occurs only as long as there is a thermodynamic disequilibrium between the boundary layer and the sea surface, and e of the boundary layer eventually becomes close to saturation. This results in the entrainment parameter asymptotically approaching a constant value as well. The maximum value of that is obtained depends on the initial value of e in the middle layer and ultimately determines whether or not the vortex intensifies.
While there are a number of realistic features of vortex evolution using the ODP scheme, the assumption of a constant value of e in the middle layer does not allow convection to modify the thermodynamic profile in a completely realistic manner. Surface fluxes increase e of the boundary layer and destabilize the profile. The stabilization of the middle layer that would occur as convection modifies the e profile is not possible using the ODP scheme. The effect of allowing e of the middle layer to vary is examined in the next subsection.
b. The modified ODP scheme
The model was initialized with the vortex described in the previous subsection and with both moist and dry middle layers. The vortex was allowed to evolve using the modified ODP scheme described in section 2. Figure 4 shows the maximum wind, radius of maximum wind, and the thermodynamic parameters for the VOLUME Fig. 2 but for the modified ODP scheme and dry middle layer. Note the change in horizontal and vertical axes. simulation with the moist middle layer as a function of time. Here, as in the runs with the ODP scheme, there is an initial spindown of the boundary layer vortex. However, the vortex begins to intensify earlier and much more rapidly in the simulation, and the tangential wind reaches maximum values of 41 m s Ϫ1 and 34 m s Ϫ1 in the middle and lower layers, respectively, at about 24 h. Once the maximum intensity is obtained, the vortex begins to expand (as is evident from the increase in the radius of maximum winds) and to weaken. There is a reversal of the potential vorticity gradient in the upper layer, which occurs at about the time that the maximum intensity occurs. The oscillations in the plots that occur after t ϭ 24 h are associated with the breakdown of the symmetric vortex.
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The evolution of the vortex shown in Fig. 4a may be explained in terms of the thermodynamic parameters shown in Fig. 4b . Here, as in the ODP simulations, there is an increase in e of the boundary layer due to surface fluxes. This alone would cause the entrainment parameter to increase. However, e of the middle layer also increases, and this increases the positive tendency in . The results are larger values of , occurring earlier in this simulation than with the ODP scheme, and a more rapid increase in the maximum wind. In the boundary layer, the rate of increase of e decreases as the air becomes more nearly saturated. There is a linear increase of e in the middle layer, since the budget there depends on convective transport, which is governed by boundary layer convergence, and not on the degree of thermodynamic disequilibrium of the system. The maximum intensity of the vortex is achieved at the time the middle layer becomes saturated, decreases to unity, and the reservoir of potential energy associated with the conditional instability of the profile is exhausted.
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The evolution of the vortex in the dry model atmosphere with the modified ODP scheme is shown in Fig.  5 . The development in this case is qualitatively similar to that shown in Fig. 4 . The initial value of the entrainment parameter is lower for the dry middle layer than for the moist. However, the increase of e in the middle layer due to convection causes to increase and leads to an intensification of the vortex. The evolution of e in both layers is similar to that in the moist middle layer, with an asymptotic approach to saturation in the boundary layer and a linear increase to saturation in the middle layer, with eventual saturation of that layer. It is also interesting to note that the intensification rate (as determined by comparing the slopes of the velocity curves in Figs. 4a and 5a , as well as the maximum tangential wind), once the intensification begins, is approximately the same for both simulations.
The evolution of the vortex with the modified ODP scheme is somewhat more realistic than for the standard ODP scheme discussed in section 3a. In this modified ODP scheme, both surface fluxes and convection contribute to the evolution of the entrainment parameter and hence the intensification. The intensification of the vortex occurs on a more realistic timescale with the density profile used here than in the standard ODP scheme. Once the middle layer becomes saturated, the vortex begins to dissipate; hence, the decay of the tropical cyclone is captured as well. The ODP scheme represents only the intensifying and mature schemes (e.g., DeMaria and Pickle 1988).
c. The BLQ scheme
The effect of allowing the surface fluxes of latent and sensible heat to control the volume mass flux from the boundary layer (under the assumption of equilibrium of e in the boundary layer) is examined in this section. The initial vortex is the same as is used in the previous two subsections, and simulations are performed for the moist and dry model atmospheres. The wind and thermodynamic variables as a function of time for the simulation with the BLQ scheme and the moist middle layer are shown in Fig. 6 . Figure 6a shows that there is a spindown of the vortex in the middle layer; but in contrast to the ODP and modified ODP schemes, the spindown occurs over a much longer period of time. For the convergence-based schemes, the onset of convection occurs once a crossisobaric component of the flow develops. This occurs within the first hours of the simulation. In the BLQ scheme, the amount of convection depends on the value of the surface flux and on the downdraft/updraft ratio, ␣. There is convection in the model from the time it is initialized, but the relatively large initial value of ␣ results in little net vertical mass flux from the boundary layer. As the boundary layer vortex weakens, the vertical mass flux decreases. The vortex assumes a weakened and nearly steady kinematic structure at about 24 h of model time.
Even though the kinematic structure of the vortex is relatively steady midway through the run, the conditioning of the middle layer for development continues. There is an increase in e of the middle layer via the convection that increases the entrainment parameter and decreases the downdraft/updraft ratio. The increase in is slower here than in the modified ODP scheme; this is due to the way in which e of both layers vary. Under the assumptions inherent in the BLQ formulation, convection acts to keep e of the boundary layer constant. The maintenance of the boundary layer e can occur as long as the surface fluxes are not sufficiently large to result in a net increase during the assumed convective timescale. This seems to be occurring during the first 36 h of the simulation, as e3 is nearly constant. This constant value limits the increase in and hence the intensification. There is also a linear increase in e2 during the first 36 h of the simulation, as was observed in the modified ODP simulations. The rate of increase is smaller here than with the modified ODP scheme; this is due to air with lower values of e being transported upward.
As the simulation continues, the vortex makes a transition to a rapid intensification phase. It is difficult to separate the exact sequence of events from the model fields. However, the fact that the increase in tangential velocity in the boundary layer precedes the increase in the middle layer suggests that a threshold value of ␣ has been reached and that the net transport of mass from the boundary layer has resulted in the intensification.
Once the boundary layer wind speed increases, the surfaces fluxes increase; this allows a net increase of e3 to occur on the convective timescale. The increase of e3 and the convective transport of this equivalent potentially warmer air upward increases e2 , resulting in a rapid increase of . The downdraft/updraft ratio obtains its assumed minimum value at the same time that begins to increase, and both of these contribute to the rapid intensification. The maximum winds are 40 m s Ϫ1 and 31 m s Ϫ1 in the middle and lower layers, respectively, at about 48 h, comparable to the values obtained using the modified ODP scheme.
With the ODP and modified ODP schemes, depth of the boundary layer remains constant, since there is an exact balance between horizontal and vertical mass transport in the boundary layer. In the BLQ scheme, the depth of the boundary layer is variable, with horizontal convergence occurring in response to the convective mass flux out of the boundary layer. If the lowest model layer is to be interpreted as the subcloud layer, then these variations are realistic, as cloud bases are near the surface in the eyewall of tropical cyclones. However, as the model vortex continues to intensify, the top of the lowest model layer intersects the surface, and the numerical integration scheme fails. This is a deficiency of the integration scheme rather than of the convective parameterization and does not invalidate comparison of the vortex evolution up until the point where the boundary layer collapses.
The evolution of the vortex with the dry middle atmosphere and the BLQ forcing is shown in Fig. 7 . Here, as for the moist atmosphere, there is an initial spindown of the vortex. The value of e3 remains nearly constant, as is expected with the BLQ scheme, and the constant value is maintained throughout the model simulation. There is also a relatively slow increase of e2 . The boundary layer vortex spins down and reaches a nearly steady value of about 5 m s Ϫ1 at 48 h into the simulation. Again, the evolution of the vortex may be explained in terms of the thermodynamic variables. The values of e for the boundary and middle layers chosen for this simulation, along with the assumptions on the convective mass flux ratio, result in ␣ ϭ 1, initially. Since this value is assumed to correspond to a shallow convective regime, we also set ϭ 1. This results in a zero net transport of mass from the boundary layer and zero pressure tendency in the model. There is still an upward VOLUME 58 Fig. 6 but for the BLQ scheme and dry middle layer.
Note the change in the horizontal and vertical axes. convective mass flux from the boundary layer, and this serves only to increase e2 . Eventually e2 increases to the point where there is a net transport of mass from the boundary layer, and assumes the value determined by Eq. (2.17). The subsequent evolution of the thermodynamic parameters is similar to that shown in Fig.  6b , but the increase occurs at a lower rate. Here e3 remains constant due to the relatively small surface fluxes, and e2 increases linearly, but at a much slower rate than in the moist run. The values of ␣ and do not increase to the point where a pressure tendency large enough to result in intensification occurs. This simulation was continued to t ϭ 144 h without intensification occurring. It is possible that if a longer run were performed, the vortex would begin to intensify. However, if we assume that e2 increases linearly at the rate shown in Fig. 7b , while e3 remains constant, then ␣ would reach its assumed minimum value at t ϭ 11 days, which is an unrealistically long timescale for tropical cyclogenesis.
The evolution of idealized easterly waves
The model simulations shown in the preceding section utilized radially symmetric vortices that were initially of tropical storm strength. Simulations of that type may lend insight into the transition from tropical storm to hurricane. However, in most cases, tropical cyclones start as relatively weak, loosely organized, synopticscale waves that are not initially axisymmetric. The evolutions of such structures using the modified ODP and BLQ schemes are compared in this section.
The model was initialized with a relative vorticity distribution given by Eq. (2.21). The amplitude, halfwidth, and orientation on the f plane were chosen so that the relative vorticity is reminiscent of that described by Reed et al. (1977) . The wave was barotropic in the lowest two layers, and the top layer was initially at rest. The initial relative vorticity distribution used in the simulations is shown in Fig. 8 . It is also noted that the superposition of a uniform easterly current would give streamlines that are similar to those in Reed et al. (1977) (see their Fig. 5c ). Since the convection schemes pertain either to the relative vorticity or to the relative maxima in the boundary layer winds, neglect of the mean wind is unimportant.
Rather than repeat the set of six experiments discussed in the preceding section, we will use the two that resulted in the most rapid intensification, that is, the modified ODP and BLQ schemes with the moist middle layers. These simulations illustrate the fundamental differences in development between the convective schemes for the prototype easterly waves. The thermodynamic parameters for simulations are given in Table 1 . The vertical potential temperature and moisture profiles chosen result in initially uniform distributions of ␣ ϭ 0.65 and ϭ 1.4.
a. Modified ODP scheme
The model was initialized as described above and run for a total of 144 h. The relative vorticity distributions in each of the layers at t ϭ 96 and t ϭ 144 h are shown in Fig. 9 . The evolution of the wave is characterized by a weak intensification of the cyclonic portion of the wave during the first 96 h and a slow spindown of the anticyclonic portions. After that time, the cyclonic portion of the wave in the boundary layer begins to dissipate, while that in the middle layer is nearly steady. There is also evidence of the formation of a weak anticyclone aloft, which results from the transport of mass into the top layer. The result is the formation of a quasisteady easterly wave with a realistic vertical structure.
The evolution of the wave with the modified ODP scheme is quite different from that of the radially symmetric vortex (section 3b). Some of the difference may be attributed to the differences in the maximum wind speed of the initial disturbances, with larger horizontal convergence for the more intense vortex used in the preceding section. However, other aspects of the de- velopment result from the asymmetry of the initial disturbance.
For the radially symmetric vortex, there is an increase in e3 due to surface fluxes and a subsequent transport of high e air from the boundary layer. It is the increase of the entrainment parameter caused by the modification of the e profile that results in the intensification of the symmetric vortex. However, the evolutions of the thermodynamic parameters are different for the easterly wave, as is shown in Fig. 10 . Figure 10 shows that there is still an increase in e of the boundary layer, but the maximum increase occurs in the region between the cyclonic and anticyclonic gyres, since the boundary layer winds are highest there. It is this high e air that would be most efficient in increasing the entrainment parameter if it were transported into the middle layer. However, the region in which there is vertical mass flux from the boundary layer is centered over the cyclonic relative vorticity maximum in the boundary layer; hence, it is offset from the region where the surface fluxes are increasing e . The results are transport of relatively low e air into the middle layer and a relatively small increase in the entrainment parameter.
The trend demonstrated in Fig. 10 continues throughout the simulation, as can be seen from the thermodynamic parameters at t ϭ 144 h shown in Fig. 11 . The convective mass flux from the boundary layer is still located over the region with maximum cyclonic relative vorticity in the boundary layer and is offset from the region with the largest elevation of boundary layer e . At this time, the circulation in the boundary layer is weakening, and the surface fluxes are not sufficient to counteract the radiative cooling. There is a decrease in e3 and an accompanying decrease in .
b. BLQ forcing
The relative vorticity distributions for the idealized easterly waves, with the BLQ convective scheme at t ϭ 96 and t ϭ 102 h, are shown in Fig. 12 . The later time was chosen because it is just prior to the collapse of the model boundary layer. The wave structure and thermodynamic parameters are as described in the preceding subsection.
The evolution of the relative vorticity, both in the strength of the circulation and in the distribution of relative vorticity horizontally and vertically, is quite different here than for the modified ODP scheme. There is a transformation from a wind field that consists of a pair of counterrotating gyres to one characterized by closed cyclonic circulations in both the boundary and middle layers. There is also a radially convergent component to the flow in the boundary layer. Some nonaxisymmetry is still present in relative vorticity of the lowest two layers, but the development suggests for- mation of the radially symmetric distributions that characterize a mature tropical cyclone. There is also no evidence of the anticyclonic gyre that was present in the initial field. The upper-level relative vorticity consists of a broad anticyclone surrounding a core of cyclonic relative vorticity. The cyclonic core is due to the convective momentum transport from the boundary layer, while the anticyclone results from geostrophic adjustment of the horizontally divergent flow associated with the deposition of mass into the upper layer.
The warm core structure of the vortex in the lowest two layers and the broad anticyclone aloft are consistent with real tropical cyclones. Also, the relatively large changes in the relative vorticity of the lowest two layers in a 5-h period is suggestive of the rapid intensification that was observed for the symmetric vortex with the BLQ forcing (see Fig. 6 ).
The differences in evolution between the BLQ and the modified ODP scheme are explained in terms of evolution of the thermodynamic parameters, which are shown in Fig. 13 at t ϭ 96 h. In the case of the modified ODP forcing, convection occurs in response to distribution of the boundary layer convergence and is independent of where the vertical e profile is being modified. In the BLQ scheme, by design, the maximum boundary layer mass flux occurs where the surface fluxes are largest. The downdraft/updraft ratio decreases in response to the convective transport of moist air from the boundary layer, and the circulation intensifies in the region where the convection is at a maximum. Hence, the convection occurs in the region that is being most efficiently modified for further deep convection; this represents a positive feedback mechanism. The result of the positive feedback is apparent in Fig. 13 , since the maxima of e in the boundary and middle layers and the quantities controlling the mass flux from those layers (␣ and ) are collocated in the horizontal with the maximum boundary layer wind.
The rapid development of the vortex is apparent by comparing the thermodynamic parameters at t ϭ 96 h with those at t ϭ 102 h in Fig. 14. There is a rapid increase in e3 (3 K in 6 h) associated with the large surface fluxes. The vertical transport of this high e air saturates the middle layer and begins to stabilize the column, as is evident from the decrease in at the center of the circulation. This is reminiscent of the transition to a mature tropical cyclone.
Summary and conclusions
In this paper, the evolutions of radially symmetric vortices of tropical storm strength and synoptic-scale circulations that represent idealized easterly waves are examined using three convective parameterizations in a three-layer model atmosphere. In two of the schemes, referred to here as the ODP and modified ODP schemes, convection occurs in response to horizontal convergence in the boundary layer. Both of the schemes include a VOLUME 58 closure relation that determines the vertical redistribution of the convected mass. The redistribution is governed by an entrainment parameter that is related to the stability of the thermodynamic profile. In the ODP scheme, surface fluxes are allowed to destabilize the profile and intensify circulations. However, this scheme assumes that the moisture content, and hence the moist static energy of the middle layer, is constant. Not allowing the convection to modify the middle layer is equivalent to the maintenance of CAPE that is a feature of the linear CISK theory of Charney and Eliassen (1964) .
In order to allow convection to modify the thermodynamic profile, we introduced a modified ODP scheme in which boundary layer air with high equivalent potential temperature, when transported into the middle layer, increases e there.
A third convection scheme is presented, in which convection occurs at a location and in an amount such that convective downdrafts balance the surface fluxes of latent and sensible heat and keep the boundary layer in a state of quasi-equilibrium. This is referred to here as the BLQ scheme. In the BLQ scheme, there is a destabilization of the profile by surface fluxes and also the potential to stabilize the atmosphere through convection.
The three schemes are similar in the way that the convected mass is redistributed in the vertical, and this similarity facilitates comparison of the development of 
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circulations. However, there is a fundamentally different mechanism for forcing the convection. In the convergence-based schemes, the convection is driven mechanically, and the location and intensity of the convection depend only on the kinematics. In the surfaceflux-based scheme, the convection occurs in response to destabilization of the boundary, and hence the location and intensity of the convection are determined by the thermodynamics.
The development of a radially symmetric vortex is similar in the two schemes. In the ODP and modified ODP schemes, surface fluxes destabilize the profile and increase the entrainment parameter, which leads to intensification. The increase in is more rapid in the modified ODP scheme, due to the additional modulating effect of increasing the equivalent potential temperature of the middle layer. The modified ODP scheme causes the vortex to intensify on a more realistic timescale than the ODP scheme. The slow intensification of the vortex shown in Fig. 2 is not representative of real hurricanes. Also, in the modified ODP scheme, the convection eventually stabilizes the profile, leading to a dissipating stage and a more realistic cyclone life cycle.
The development of a symmetric vortex using the BLQ scheme is similar in many respects. Surface fluxes and vertical transport destabilize the profile, but the increase in occurs more slowly here than with the modified ODP scheme. The relatively slow increase is due to the boundary layer equivalent potential temperature remaining nearly constant, in spite of the surface heat flux. The convective downdrafts suppress development until the point where the atmosphere is conditioned for deep convection by the moistening effect of the shallow convection. As the conditioning is occurring, the kinematic structure of the vortex is nearly steady. Once the convective mass flux becomes sufficiently large, a rapid development phase begins, and the evolutions of the equivalent potential temperature of the boundary layer and the entrainment parameter are similar to that occurring in the modified ODP scheme.
The BLQ scheme provides a more realistic evolution of initiation of tropical cyclogenesis. Rather than the continuous intensification that occurs with the convergence-based schemes, the vortex in the BLQ simulation undergoes a period where the kinematic structure is constant and only the thermodynamic profile is being modified. Real tropical cyclones often undergo a weak, loosely organized stage, followed by a rapid intensification. Separation between the kinematics and intensificaton is not possible for the convergence-based schemes, since the convection is controlled by the structure of the vortex.
Perhaps the most important aspects of the difference between kinematic and thermodynamic control of convection are demonstrated for the easterly wavelike initial circulation. Convection in the ODP schemes responds to low-level convergence, and this is a maximum where the relative vorticity is largest. In the BLQ scheme, the maximum convection occurs where the wind speed is largest. This region is roughly collocated with the maximum convergence for a radially symmetric disturbance. The result is that the region being conditioned for intensification and the region where the convection occurs are vertically stacked, regardless of which mechanism forces the convective mass flux.
For a disturbance that is not radially symmetric, the fortuitous collocation of the boundary layer wind and horizonal convergence maxima does not exist. In the case of the modified ODP scheme, the sequence of events that leads to the rapid intensification, increases in the entrainment parameter due to surface fluxes, and subsequent vertical transport of the high e air does not occur. This is because of the offset between the wind maximum and the maximum in horizontal convergence. By allowing the surface fluxes to control both the location of convection and destabilization of the vertical profile, the development of a vertically coherent structure occurs out of necessity.
It is not the goal of this paper to fully explore the sensitivity of the convective schemes to variation of parameters that characterize the environment and size and strength of the initial disturbances. Rather the purpose is to highlight the fundamental differences in the evolution of the kinematic and thermodynamic structure of the atmosphere between the schemes. There are some additional aspects of BLQ formulation that warrant further study, such as the evolution of circulations as a function of strength and size of the initial perturbation and also characteristics of the environment (e.g., inhomogenieties of the moisture field). Further refinement of the ideas presented here will be attempted by using a model with more vertical resolution.
